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Pythium species are common, important soilborne pathogens that cause damping-off and root rot in forest nurseries of the Pacific Northwest of the United States and Canada (12, 57) . Approximately 20 species have been found in forest nursery soils of the region (28, 60) . Of these, eight species, including P. dissotocum, P. irregulare, P. mamillatum, P. sylvaticum, and P. ultimum, are aggressive pathogens of tree seedlings and cause extensive Douglas-fir (Pseudotsuga menziesii) seedling mortality (12, 57, 58, 61) .
Despite the widespread occurrence of Pythium species in forest nurseries and the significant amount of damage that they cause, nothing is known about the genetic diversity or population structure of key Pythium species present in these soils. For decades, disease management of soilborne pathogens and weeds has been largely accomplished via soil fumigation with a combination of methyl bromide and chloropicrin, or with other chemical fumigants (40, 62, 63) . Because of the broad spectrum nature of chemical fumigants, knowledge about soilborne pathogen identity, biology, and population structure was not necessary to achieve adequate disease control. However, with increasing state and federal regulatory pressure to restrict fumigant use, this information will be critical for developing and assessing the efficacy of new, more selective disease control measures.
Information about the structure of Pythium populations can be used to establish baseline estimates of Pythium genetic diversity among and within forest nurseries and will help determine the risks associated with moving Pythium species from nursery to nursery on infested nursery stock or shared equipment (27, 63) . Currently, many forest nurseries purchase seedling stock from other nurseries to help cover inventory shortfalls. In many cases, incoming seedlings are planted in production fields at the receiving nursery for additional shoot and root growth prior to sale. Roots of these incoming seedlings are often colonized by Pythium species and other soilborne pathogens from the source nursery, which may lead to contamination of field soils at the receiving nursery (62) . Hansen et al. (27) , for example, reported that tree seedlings infected with Phytophthora species were transplanted from one forest nursery into two other nurseries in the Pacific Northwest region. Subsequently, root rot was observed at all three locations.
Although not yet documented, it is likely that Pythium species are also distributed in this manner, and this practice may inadvertently introduce new Pythium species or isolate genotypes into locations where they had not previously been found. In addition, field equipment (e.g., fumigation equipment, planters, etc.) is often used at multiple locations and may further compound the risk of accidentally moving pathogens from nursery to nursery.
Microsatellites and amplified fragment length polymorphisms (AFLPs) are molecular markers extensively used for DNA fingerprinting and assessment of gene diversity (10) among other applications. Although both techniques produce reproducible markers distributed throughout genomes, they differ in the nature of those markers. Microsatellites are characterized by using locus-specific polymerase chain reaction (PCR) primers, while AFLPs are generated using restriction site-specific primers that amplify DNA fragments located between restriction sites. Because of the manner in which each of these markers are identified, they differ in the kind of genomic information they provide. Microsatellites, such as simple sequence repeats (SSRs), are codominant markers that identify the different alleles at a locus, based on size differences between alleles, allowing the discrimination among homozygotes and heterozygotes in diploid organisms (10, 39) . This intrinsic property of SSRs makes them extremely informative for population analyses, because they allow the assessment of allele diversity and frequency differences among populations. AFLPs on the other hand are scored based on the presence or absence of DNA fragments produced by restriction enzymes (59) . The presence and absence of a restriction site reflects genetic variation among individual genotypes but does not provide any additional information about the loci such as where they are found or the reason why a restriction site may be absent. Therefore, AFLPs are considered dominant markers, cannot be used to unambiguously characterize alleles, or to identify homozygotes and heterozygotes (10) . While 5 to 15 SSR loci can be used to characterize populations of 10 or more individuals, usually hundreds of AFLP markers and larger samples are needed to obtain similar population information. Nonetheless, because large numbers of AFLP markers are used, usually a better coverage of the genome is obtained. The information generated by SSR and AFLPs can be complementary and are often used in combination to obtain as much genetic information about populations as possible (15, 38) . AFLPs have been used extensively for characterization of the genetic diversity of Pythium species, including P. irregulare sensu stricto (s.s., in the strict sense) (21-23), P. cryptoirregulare (23), P. myriotylum (52), P. spinosum (3), and P. aphanidermatum (2, 4, 34) . Meanwhile, microsatellites have been infrequently used for characterization of Pythium species, and currently there are SSR markers available only for P. aphanidermatum, P. irregulare sensu lato (s.l., in the broad sense), P. cryptoirregulare (34, 35) , and P. helicoides (68) . Some of the SSR markers developed by Lee and Moorman (35) were transferable to several additional Pythium species, however their informativeness for population studies must be validated.
The objectives of this study were to assess and compare the level of genetic diversity and population structure of three common pathogenic Pythium species occurring in forest nurseries (60, 61) in order to determine whether isolates had been moved among three forest nurseries. Isolates of P. irregulare, P. sylvaticum, and P. ultimum were analyzed using microsatellite (SSR) and AFLP markers.
MATERIALS AND METHODS
Isolate selection. One hundred fifteen Pythium isolates were selected from the isolate collection of a previous survey (60) to be representative of the three most common and aggressive pathogenic Pythium species found in field soils at three forest nurseries in Washington (nursery A, Cagey loamy sand) and Oregon (nurseries B and C, Canderly sandy loam): P. irregulare (48 isolates), P. sylvaticum (37 isolates), and P. ultimum (30 isolates) (60, 61, 62) . A field plot (1.3 ha) was originally established at each nursery, each consisting of 12 equally sized subplots (12 × 46 m). Composite soil samples were then collected from each subplot and Pythium species were isolated using one of three methods: soil dilution plating onto PARP agar, a semiselective medium for Pythiaceous species (33) , or by baiting the soil with either rhododendron leaf disks or Douglas-fir needles (41) . All Pythium isolates were identified on the basis of DNA sequence from the internal transcribed spacer (ITS) region and by morphology as described previously (60) . Isolates of P. irregulare, P. sylvaticum, and P. ultimum were then selected to ensure that there was an approximately equal number of species isolates from each nursery. P. irregulare was isolated from all three nurseries (A = 20 isolates, B = 18 isolates, and C = 10 isolates), while P. sylvaticum (B = 17 isolates and C = 20 isolates) and P. ultimum (B = 12 isolates and C = 18 isolates) were only isolated in sufficient numbers from nurseries B and C (60) . These latter two species were rarely or never encountered in nursery A. Isolates of P. ultimum used in this study were not genetically similar to the zoospore-producing isolates identified as P. ultimum var. sporangiiferum (14, 18, 37) . Instead, P. ultimum isolates from this study shared 99 to 100% ITS sequence homology with the neotype of P. ultimum (var. ultimum), and are therefore considered P. ultimum s.s. (14, 37, 60) . Hyphal swellings and/or sporangia were present on a number of the P. ultimum isolates (e.g., ult A1-3, ult A2-5, ult C2-3, and ult C1-9), but their presence was not consistent in subsequent transfers. A preliminary analysis (data not shown) did not find that this characteristic was associated with any of the genetic markers utilized in this study. Therefore, the hyphal swelling phenotype was not investigated further. P. irregulare isolates used in this study are also considered P. irregulare s.s. (not P. cryptoirregulare or P. irregulare III and IV) based on 99 to 100% ITS sequence homology with P. irregulare s.s. isolates identified in previous studies (22, 23, 37, 45) . All isolates were stored on colonized water agar plugs in sterile distilled water (both with and without sterilized wheat grass blades) at 20°C. SSR development, selection, and primer design. The SSR primer sets reported by Lee and Moorman (35) were used for P. irregulare (n = 21) and P. sylvaticum (n = 13). Because the three SSR markers previously reported for P. ultimum (35) were not informative, 22 new markers were developed (Table 1 ) from microsatellite sequences identified in the publicly available P. ultimum genome (36) . The web software WebSat (44) was used to detect microsatellite motifs from genomic sequences. The search criteria were set to a minimum of six repeats of di-to hexa-nucleotides with perfect repeat motifs, annealing temperatures from 50 to 61°C, differences between forward and reverse primers did not exceed 2°C, predicted lengths of amplified products were set within 100 to 400 bp in size, and guanine/cytosine content between 45 to 60%. The Mfold web server (70) was used to predict secondary structures and to estimate the free-energy of the primers. All oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, IA). Polymorphic markers were initially identified by screening all available SSR primer sets against a subset of four genetically distinct isolates of each species that had been previously characterized (data not shown) by intersimple sequence repeats analysis (ISSR) (69) .
SSR analysis. Pythium isolates were grown in flasks containing 25 ml of potato dextrose broth (Difco Laboratories, Detroit, MI) and incubated in the dark at 20°C for 5 days. The resulting mycelia were lyophilized and stored dry at 4°C until used. DNA extractions were performed from 30 µg of dehydrated mycelium using DNeasy Plant Mini Kits (Qiagen, Valencia, CA), according to the manufacturer's instructions. DNA quality and concentration were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
PCR amplifications of individual microsatellite loci were performed in 20-µl reactions using 50 ng of DNA, 2 µl of 10× PCR buffer, 1.2 µl of dNTP mixture, 0.15 µl of Taq polymerase (buffer, dNTPs, and polymerase from TaKaRa Bio Inc., Japan), and 2 µl of each 3 µM primer. PCR temperature profiles were as follows: 94°C (2 min), followed by 35 cycles of 94°C (30 s), annealing temperatures ranged from 55 to 60°C depending on the specific primer set (30 s), extension at 72°C (30 s), and final extension at 72°C (10 min). Annealing temperatures for P. irregulare and P. sylvaticum SSR primer sets were the same as in the original protocols (35) , while the annealing temperatures of the new P. ultimum primers are reported in Table 1 . PCR reactions were performed in a PTC-200 DNA engine thermal cycler (Bio-Rad, Hercules, CA). PCR products were separated by electrophoresis on 2.5% MetaPhor agarose gels (Lonza, Allendale, NJ) at 95V cm _ 1 for 9 h. DNA fragments were visualized using a Gel Doc EZ system (Bio-Rad) and the imaging software LabWorks 3.0 (UPV, Upland, CA). Alleles at each locus were scored based on differences in size of PCR products, with a total of 128 alleles scored. Power Marker software version 3.25 (42) was used to determine allelic diversity, number of alleles per locus (Na), effective number of alleles (Ne), observed heterozygosity (Ho), expected heterozygosity or gene diversity (He) under Hardy-Weinberg equilibrium (HWE), polymorphism information content (PIC, a measure of the usefulness of a marker based on its level of polymorphism [6] ), and fixation index (F ST , measures population differentiation based on the probability that alleles at any particular locus are identical by descent and where F ST < 0.05 = low genetic differentiation; 0.05 to 0.15 = moderate; 0.15 to 0.25 = great; and, >0.25 = very great [66] ) in each population across loci (65) . The microsatellite genotypic matrix was converted to loci frequency data and computed at different hierarchical levels. The output was imported to NTSYSpc (Applied Biostatistics, Inc.) and used for UPGMA (unweighted pair-group method of averages) using genetic distances calculated using the simple matching coefficient. To examine hierarchical structure considering among-and withinpopulation diversity in each species, analysis of molecular variance (AMOVA) was performed using GenAlEx 6.5 (50), using the F ST analog F PT that can be used both with SSR and AFLP markers. The level of genetic flow among populations (Nm = [(1/F ST ) _ 1]/4) and Shannon's information index (I) were estimated using POPGENE version 3.1 (67) . Clusters identified by genetic relatedness and geographical distribution were used as references to define populations for Nm analysis. The standardized index of association ( r d ) was used to evaluate the degree of clonal (asexual/inbreeding by strict selfing) reproduction (1). This index is conceptually similar to the index of association (I A ) introduced by Brown (7) except that it corrects for the number of loci observed so that values can be compared across data sets with disparate numbers of loci sampled. Tests of significance were carried out by permuting alleles at each locus to simulate sexually recombining populations. P values were obtained from 2,000 permutations. This was additionally performed on clone-censored populations where each multilocus genotype was represented only once per population as exact clones can bias the index (25) . Minimum spanning networks were generated for each species across populations using Bruvo's genetic distance, which utilizes a stepwise mutation model for microsatellites (8, 11) . Clone censoring, calculations of Bruvo's distance, the index of association, and permutation analyses were performed with poppr R package version 1.0.5 (32) in R (55) . STRUCTURE version 2.3.4 was used to assign individual genotypes to populations using a Bayesian approach (54) . For this purpose, based on the index of association results, the three Pythium spp. populations were assumed clonal or with complete selfing, and each diploid individual was treated as haploid (20) . Population information was used to test for migrants using the correlated allele frequencies between population models (31, 54) . The length of the burn-in and MCMC (Monte Carlo Markov chain) were 10,000 and 100,000, respectively. STRUCTURE HARVESTER was used to determine the optimal value of K (13).
AFLP analysis. AFLP (59) was performed on genomic DNA using the AFLP Microbial Fingerprinting protocol (Applied Biosystems (ABI), Foster City, CA) with slight modifications as described previously (25) . Total genomic DNAwas obtained from mycelia using the FastDNA SPIN kit (MP Biomedicals LLC, Solon, OH). DNA (20 ng) was digested, adaptors were ligated, and preselective amplifications with EcoRI core primer, MseI core primer, and AFLP amplification core mix were performed on a GeneAmp 9700 thermal cycler (ABI) as described (25) . Preamplified samples (10 µl) were diluted with 190 µl of TE buffer and selective PCR was performed with MseI-A/EcoRI-AC and MseI-T/EcoRI-AT primer combinations. Products (0.5 µl) were run with 25 µl of loading buffer (24 µl of deionized formamide and 0.05 µl of GeneScan-500 size standard, ABI) on a capillary sequencer (ABI Prism 3100). Electropherograms were analyzed using GeneMapper software (version 3.7; ABI) to extract a matrix of presence and absence of alleles in a range of 50 to 500 bp after visual inspection. All AFLP analyses were replicated two or more times including independent restriction, PCR reactions, and electrophoresis until all polymorphic alleles could be unambiguously binned. All runs included a Phytophthora syringae reference strain as a positive control as used previously in AFLP analyses (26) .
A total of 330 unambiguous and polymorphic markers were included in the population analyses of the three species. Parameters of genetic variability and population structure were estimated using GenAlEx 6.5 (50) . Population structure was examined by AMOVA (16) , UPGMA of Jaccard distances, and principal coordinate analysis (PCoA) (24) using GenAlEx and NTSYS. A dendrogram was created for combined AFLP data of the three species using UPGMA based on Felsenstein's restriction fragment distance using PHYLIP (17) . This genetic distance takes restriction site mutations into account and is derived from Nei and Li's genetic distance (47) . Statistical support for tree branches was obtained using 1,000 nonparametric bootstrap samples. Support is shown for values greater than or equal to 70%.
Comparison of AFLP and SSR markers. The Mantel matrix correspondence test was performed using GenAlEx 6.5 (50) in order to compare the similarity matrices among SSR and AFLP markers. A tree topology distance test was performed in the R package APE version 3.1-4 (49) by comparing neighbor-joining trees constructed from dissimilarity matrices with the function dist.topo using the PH85 method, which does not take into account branch lengths (51) . Furthermore, cluster analyses by UPGMA and PCoA, and population genetics statistics estimated using SSR and AFLP markers were compared.
RESULTS
Development of SSR markers for P. ultimum. Three SSR loci described by Lee and Moorman (35) for P. ultimum were monomorphic in our sample. One hundred sixty-six simple sequence repeats identified from the public P. ultimum genome were used for new microsatellite primer development. SSR primers were designed only for the loci carrying more than six di-, tri-, or tetranucleotide repeats. These loci did not overlap with the previously described markers (35) . A total of 22 SSRs primer pairs were designed and screened for polymorphisms (Table 1) . Amplicon size ranged from 123 to 396 bp. The number of alleles per locus varied from three to five. Only primer pairs that produced one (homozygous genotype) or two (heterozygous genotype) fragments per genotype were included in the study, under the assumption that all Pythium isolates were diploid. Five polymorphic loci were identified and used for characterization of all the P. ultimum isolates included in the study. Sequence analysis of the five polymorphic primers confirmed that the differences in size between alleles resulted from variation in the number of copies of the repetitive motif. Although the 22 primer pairs were tested on five P. irregulare and five P. sylvaticum isolates, no transferability was found.
Population analyses. AFLP analysis revealed distinctly different clades for each of the Pythium species with bootstrap support greater or equal to 99% (Fig. 1) . Both primer combinations (AC-A and AT-T) showed homologous patterns of genetic diversity in these three species: P. sylvaticum was most diverse, followed by P. irregulare, while P. ultimum revealed the most clonality. The isolate placement within species did not reveal clades specific to a given nursery or sampling site ( Supplementary Figs. 1 and 2) .
In P. irregulare, 19% of the SSR loci and 87% of the AFLP markers were informative. SSR analysis revealed three to six alleles per SSR locus, the second largest mean expected and observed heterozygosities (He = 0.65; Ho = 0.53), polymorphism information content (PIC = 0.59), number of private alleles, and Shannon's information index (I = 1.18) ( Table 2 , Fig. 2 ). AMOVA revealed significant low to moderate genetic differentiation (SSRF PT = 0.076; AFLPF PT = 0.105) among nursery populations. Gene flow analysis (Nm = 6.38) suggested genetic exchange occurs among lineages ( Table 2 ). UPGMA and PCoA of SSR (not shown) and AFLP data revealed two discrete isolate groups not associated with nursery of origin ( Figs. 3 and 4 ; Supplementary Figs. 3A and 4) . Sixteen of the isolates had unique AFLP genotypes, while 32 isolates belonged to 11 clonal lineages with up to six isolates each. One clonal lineage contained a single isolate from each of the three nurseries. STRUCTURE analysis of SSR data gave an optimum K value of 2 (Fig. 5) . According to STRUCTURE analysis, all isolates present in nurseries A and B had a high likelihood of having a local origin (Fig. 5) . Most isolates present in nursery C were putative hybrids of the two lineages present in nurseries A and B. The relatedness of isolates from nursery C to nurseries A and B isolates was clearly observed in the minimum spanning tree (Fig. 6) .
P. ultimum displayed polymorphism in 25% of the SSR and 5% of the AFLP loci evaluated, with three to seven alleles per SSR locus. In the SSR analysis, this species presented the smallest mean expected heterozygosity (He = 0.59), polymorphism information content (PIC = 0.53), number of private alleles, and Shannon's information index (I = 1.08) ( Table 2, Fig. 2) ; but the highest observed heterozygosity (Ho = 0.66). AMOVA revealed no genetic differentiation (SSRF PT = 0.003; AFLPF PT < 0.001) among nursery populations. Gene flow analysis (Nm = 30.24) suggested genetic exchange among lineages may occur (Table 2) . UPGMA and PCoA of SSR (not shown) and AFLP data revealed two discrete isolate groups not associated with nursery of origin ( Figs. 3 and 4 ; Supplementary Figs. 3B and 4) . Nine of the isolates had unique AFLP genotypes, while 21 isolates belonged to two clonal lineages, the first included two isolates from nursery B and the second included 19 isolates from both nurseries. STRUCTURE analysis produced an optimum K value of 2 (Fig. 5) . The two populations identified were not associated with nursery of origin and were congruent with the AFLP UPGMA and PCoA results (Figs. 3 and 4,  respectively) , and with the SSR minimum spanning tree (Fig. 6) .
P. sylvaticum had the largest percentage of polymorphic loci (46% SSR; 85% AFLP). SSR analysis revealed that this species had the highest number of SSR alleles per locus (Na = 23), mean expected heterozygosity (He = 0.81), polymorphism information content (PIC = 0.79), and private alleles, as well as the highest Shannon's information index (I = 2.14; Table 2, Figure 2) ; but it had the lowest observed heterozygosity (Ho = 0.39). AMOVA revealed significant genetic differentiation (SSRF PT = 0.065; AFLPF PT = 0.220) among nursery populations. Gene flow analysis (Nm = 4.32)
suggested genetic exchange among lineages may occur. UPGMA and PCoA of AFLP and the SSR minimum spanning tree (Figs. 3, 4 , and 6; Supplementary Figs. 3C and 4) identified four groups, three of which clustered together in the UPGMA (Fig. 3 ) and contained isolates from both nurseries B and C. The fourth group only contained isolates from nursery C. Nineteen of the isolates had unique AFLP genotypes, while 18 isolates belonged to 8 clonal lineages with two or three isolates each. None of the clonal lineages contained isolates from more than one nursery. STRUCTURE analysis of SSR data produced an optimum K value of 2 (Fig. 5) , with the corresponding populations not associated with nursery of origin. Fig. 2 . Number of SSR alleles (left) and amplified fragment length polymorphism loci (right) analyzed, polymorphic characters, private alleles, and mean genetic diversity (horizontal line) comparisons among nursery populations of three Pythium species. A to B, P. irregulare; C to D, P. ultimum; and E to F, P. sylvaticum. All isolates from nursery B and most from nursery C (n = 11) were assigned to the same population; four isolates from nursery C were assigned to the second population whereas five isolates from nursery C were identified as putative hybrids between the two populations. Analysis of the index of association showed significant linkage among loci (P < 0.005) for all populations with and without clone censoring, suggesting a predominantly clonal reproductive mode or selfing for all three Pythium species (Table 3, Fig. 6 ).
Comparison of AFLP and SSR markers. Overall, the phylogenetic trees obtained by both SSR and AFLP markers were congruent, even though terminal topology varied. The Mantel matrix correspondence test showed highly significant correlations between SSR and AFLP similarity matrices in P. ultimum (Rxy = 0.405; P = 0.003) and P. irregulare (Rxy = 0.310; P = 0.001); whereas, only a very small correlation was found in P. sylvaticum (Rxy = 0.12; P = 0.024). Tree topological distances between methods are shown in Table 4 with markers producing trees significantly more structured than random with the exception of P. ultimum, but this could be due to the low number of unique isolates. These results indicate that there is a concordance between major clades within the trees, but the individual level signal differs.
DISCUSSION
The population structure and genetic diversity of P. irregulare, P. ultimum, and P. sylvaticum from three nurseries in the states of Oregon and Washington were analyzed using microsatellite and AFLP markers. Population structure analyses revealed significant geographic structure among nursery populations of P. irregulare and P. sylvaticum (low to moderate, respectively), while no significant structure was observed in P. ultimum. The three species also displayed an intrinsic population structure not associated with geographic distribution. Such structure suggested the prevalence of certain lineages within each species in the studied areas, two lineages in P. irregulare and P. ultimum and four in P. sylvaticum. Estimates of genetic diversity indicated that P. sylvaticum was the most diverse of the three species, with lower levels of diversity observed in P. irregulare, followed closely by P. ultimum. P. sylvaticum, P. irregulare, and P. ultimum had 36 (97%), 26 (54%), and 18 (60%) unique SRR genotypes. Nineteen P. ultimum isolates from nurseries B and C shared a clonal genotype based on AFLP (Fig. 3, UG1 ) and SSR markers (data not shown). Group UG1 may have been introduced to both nurseries recently, because the populations have not accumulated genetic variation yet. P. irregulare included three clusters within two main groups, IG1 and IG2, and the distribution of isolates among groups suggest potential movement between nurseries, mostly from nursery A and B to nursery C, and as evidenced by hybridization among IG1 and IG2 lineages in nursery C. Gene flow estimates indicated frequent migration or genetic exchange among nursery populations of the three species. Genetic exchange could occur if Fig. 3 . UPGMA trees of three Pythium species, based on Jaccard's genetic distance obtained with amplified fragment length polymorphism markers. A, P. irregulare; B, P. ultimum; and C, P. sylvaticum. Fig. 4 . Scatter plots of the first and second principal coordinates analysis of three Pythium spp. at nurseries A, B, and C based on amplified fragment length polymorphism data. P. irregulare (top); P. ultimum (middle); and P. sylvaticum (bottom).
isolates are inadvertently moved (passive migration) among nurseries on seedlings, field equipment, or by workers, and then subsequently interbreed with existing isolates at each location.
Currently, there is little information regarding the genetic population structure of Pythium species as determined from naturally occurring Pythium populations. Many studies that used molecular markers to assess Pythium genetic diversity have been based on culture collections containing only a few isolates of each species and, in many cases, the isolates originated from multiple locations and plant hosts, not from distinct populations (3, 9, 18, 43, 45) . Analyses have been further complicated by the presence of cryptic species. For example, although Harvey et al. (29, 30) used restriction fragment length polymorphic markers to examine the genetic diversity in seven populations of P. irregulare from cereal crops in southern Australia, it is unknown whether the populations assessed consisted solely of P. irregulare s.s. isolates or if they also included the cryptic species P. cryptoirregulare, which was later discovered within the P. irregulare complex (see below). Nevertheless, there are several studies that have assessed larger numbers of Pythium isolates from distinct populations associated with agricultural production. In Oman, the structure of P. spinosum populations from greenhouse-grown cucumber was studied by AFLP fingerprinting analysis (3). Based on the limited genetic diversity observed and on fungicide sensitivity phenotype similarity, it was concluded that P. spinosum was recently introduced to Oman from a common or even unique source. Other studies of Pythium population structure come from AFLP (4,34) and SSR (34) analyses of P. aphanidermatum isolates from the ornamental greenhouse industry in Pennsylvania (34) and a cucumber production greenhouse in Oman (4). In Pennsylvania, 123 P. aphanidermatum isolates were studied by AFLP and SSR fingerprinting analyses, which included 103 and 4 polymorphic loci, respectively. The combined analysis of AFLP and SSR data identified significant genetic diversity among isolates and population structure defined by location and mefenoxam sensitivity, but not by host (34) . In Oman, P. aphanidermatum populations collected from a single cucumber production greenhouse in 2006 and 2011 were examined by AFLP fingerprinting analysis, aggressiveness, and mefenoxam sensitivity (4). Population structure analysis, based on 985 polymorphic AFLP loci, revealed moderate genetic structure among populations from the 2 years. While no differences in aggressiveness were observed between the 2 years, 2011 isolates were significantly more sensitive to mefenoxam than in 2006. The authors suggested that newer, more sensitive isolates were introduced into the greenhouse in the intervening years, which led to the difference in sensitivity observed between 2006 and 2011. Although limited, there is increasing information available regarding the population structure of Pythium species and previous studies have provided critical, foundational information illustrating the presence of intraspecific variation in Pythium species (3,4,9,18,21-23,34,45) , evidence for heterozygosis and potential outcrossing in homothallic Pythium species (18, 29) , interpopulational gene flow (29, 30) , and for significant population structure due to location, host and/or mefenoxam sensitivity (4, 29, 30, 34) .
The genetic structure of P. irregulare was first studied by Barr et al. (5), who reported two discrete groups defined by isozyme Fig. 5 . STRUCTURE analysis of three Pythium spp. at nurseries A, B, and C based on simple sequence repeat (SSR) data. P. irregulare (top); P. ultimum (middle); and P. sylvaticum (bottom).
analysis. Matsumoto et al. (45) confirmed the division of P. irregulare into two main groups, one of which was more closely related to P. sylvaticum, by phylogenetic analysis of the ITS region, which provided the first genetic evidence of the paraphyly of this species. Each of the groups described by Matsumoto et al. (45) was further divided into two subgroups with strong bootstrap support, suggesting the possibility of multiple cryptic species within P. irregulare s.l. Garzon et al. (22, 23) later characterized the population structure of P. irregulare s.l. using DNA sequence analysis of genomic (ITS) and mitochondrial loci (coxI-II), and AFLP fingerprinting, subsequently reporting two distinct clades within P. irregulare (22) that corresponded to Matsumoto's groups I and II. The first clade was later described as a new species, P. cryptoirregulare, and the second was defined as P. irregulare s.s. based on similarities to the P. irregulare neotype culture CBSnr 733.94; GenBank AY598702 (23,37). Pythium irregulare s.s. overall displayed less genetic variability than P. cryptoirregulare and exhibited rare mefenoxam resistance. Nevertheless, there was evidence for three internal groups within P. irregulare s.s. The present study examined P. irregulare s.s. isolates exclusively and found evidence for two internal groups, but it is unknown how these correspond to the three internal groups reported by Garzon et al. (22) because different AFLP primer combinations were used. Although significant population structure was observed, it was small, and the number of migrants per generation confirmed that the populations identified based on genetic similarity were conspecific.
In comparison with P. irregulare, there is even less information regarding the genetic diversity of P. ultimum and no information for P. sylvaticum. Chen et al. (9) examined the genetic diversity and phylogenetics of 10 Pythium species, including P. ultimum, using isozyme analyses of 13 enzymes. Isolates of P. ultimum formed a monophyletic group, with several isolates from different locations and hosts displaying identical banding patterns. Garzon et al. (21) also examined the genetic diversity of 12 P. ultimum isolates, as part of a larger study, and found considerable genetic diversity among them (37% mean genetic distance); of these, 11 formed a monophyletic clade supported by AFLP and ITS sequence data, while one isolate represented a distinct operational taxonomic unit. A recent study by Eggertson et al. (14) reported four putative species within P. ultimum based on multilocus phylogenetic analysis, including DNA sequences of four hyper-variable gene regions of the P. ultimum genome. According to that study, isolates previously identified as P. ultimum var. ultimum (including all P. ultimum isolates used in the present study) will be classified as P. ultimum s.s. based on the neotype isolate and those previously identified as P. ultimum var. sporangiiferum will be classified as P. sporangiiferum. Names for the other two species have yet to be determined and the characterization and description of these four species are underway (A. Levesque, personal communication). Although our results identified two groups within the P. ultimum populations analyzed, population genetics statistics support them as intraspecific populations with low genetic differentiation. Our results found considerably less genetic diversity within the species than either Chen et al. (9) or Garzon et al. (22) .
However, their studies included isolates of P. ultimum that were obtained from a much broader host and geographic range (nationally and internationally) than isolates used in the present study.
Although most isolates studied were heterozygous at one or more loci, results from the standardized index of association indicated that the isolates of P. irregulare, P. sylvaticum, and P. ultimum assessed in this study were not outcrossing. Both P. irregulare and P. ultimum are homothallic (58) , and if sexual reproduction for these two species primarily occurred via self-fertilization in forestry nursery soils, we would expect the relatively narrow range of genetic variability that was observed in this study. Although outcrossing is possible for homothallic species such as P. irregulare and P. ultimum (19,29) , we did not find statistically supported evidence for this in the current study. P. sylvaticum, on the other hand, is mostly heterothallic (58) and has the potential to reproduce sexually mainly by outcrossing, but it is also capable of occasional selfing (48, 53) . Because of its heterothallic nature, we would expect greater variability among isolates of this species compared with P. irregulare and P. ultimum, which was the case in this study. However, the standardized index of association for both P. sylvaticum populations was relatively high, which indicated that no statistically significant evidence of outcrossing was found. Reproduction in these P. sylvaticum populations may therefore be mostly asexual via hyphal swellings and through propagation of mycelium on infected plant materials (58) . However, this and the lack of statistical support for outcrossing does not explain why we observed hybrid genotypes (admixed or hybrid between two populations of the same species) in the three Pythium species of this study. In order to produce these hybrid genotypes, outcrossing between isolates from different nurseries must have occurred. We suggest that our initial sampling design, which was intended to assess the broad diversity of Pythium species in the soil across 1.3 ha field plots, may not have had the statistical power to detect outcrossing at a much smaller spatial scale where individual isolates would be more likely to interact and hybridize. Therefore, additional studies of Pythium populations are needed with a more appropriate sampling design to clarify whether outcrossing is present among Pythium species in forest nurseries.
Results from this study provide direct evidence that Pythium species and isolates have been moved among forest nurseries of the Pacific Northwest. The limited genetic diversity and the presence of numerous clonal P. ultimum isolates suggest that this species may have been relatively recently introduced into nurseries B and C. Alternatively, the homothallic nature of this pathogen may significantly limit the genetic diversity of this species if reproduction primarily occurs asexually or via inbreeding. In contrast, the broad distribution of P. irregulare and P. sylvaticum lineages, and the presence of genotypes potentially produced by rare admixture events in these species, indicate that the predominant lineages may have been present in the sampled locations for longer time, with possible recent introductions of new lineages. The most likely route for pathogen movement, given current nursery practices, is on the roots of infected seedlings brought in from other locations or on shared field equipment. Although both practices have occurred for decades (J. Weiland, unpublished data) and there is evidence that several Pythium lineages are shared among the three nurseries (this study), each nursery also retains a distinct Pythium community (60) . Consequently, data indicates there is a significant risk of unintentionally introducing new Pythium species or isolate genotypes on incoming nursery stock. For example, P. ultimum was only found twice and P. sylvaticum was never found at nursery A in Washington during the original survey in 2008. Therefore, this nursery would be at particular risk for an accidental introduction of P. sylvaticum and P. ultimum on nursery stock from nurseries B or C, where both of these Pythium species were more abundant. In addition, our results indicate that populations of P. irregulare at nursery C are hybrids of those from nurseries A and B, suggesting that this species may have been brought into nursery C from these two other locations. There is also a significant risk for accidentally introducing fungicide-resistant isolates. In a previous study, two mefenoxam resistant isolates of P. ultimum, ult A2-2 from nursery B and ult C2-7 from nursery C, were identified and found to be 5,000 to 6,000× more mefenoxam resistant than all other isolates of P. ultimum (64) . Both of these isolates were shown to be genetically related by AFLP and SSR analyses in this study (Fig. 3) , and it seems likely that they were transported from one nursery to the other on infected nursery stock.
The practical implications of this study for the forest nursery industry are many-fold. First, nursery managers should consider management practices that will reduce the risks associated with bringing in new nursery stock whenever possible. One way of achieving this might be to designate specific fields for the production of seedlings purchased from other nurseries and reserve the remaining field space for in-house production. This would help keep pathogen populations associated with the incoming nursery stock separate from those already present and serve to contain any new pathogen genotypes to a more limited region of the nursery. Second, fungicidal drenches should be investigated for their potential to suppress Pythium populations on incoming stock. Even though oomycete-specific fungicides are often fungistatic and not fungicidal against Pythium species at recommended label doses (64), they might be able to suppress and prevent establishment of new Pythium genotypes if they are used to treat incoming nursery stock before they are planted into field production sites. Finally, fast and reliable diagnostic tests, such as DNA macroarrays or loopmediated isothermal amplification (56) , are needed to help growers assess the amount of Pythium colonization and the identity of Pythium species present on incoming transplants. A previous study showed that the amount of Pythium on the roots of transplants can a This distance can represent the number of changes one tree will need to undergo in order to become the next tree. SSR, simple sequence repeat; AC-A, amplified fragment length polymorphic (AFLP) marker with AC-A primer; AT-T, AFLP with AT-T primer; and random, 95% confidence interval for 1,000 random pairs of trees.
vary from 0 to 45%, depending on the source nursery (62) . Knowing this type of information beforehand can help growers assess the risk of bringing in nursery stock from other locations. If molecular markers for fungicide resistance can be identified among forest nursery Pythium species, these might also prove useful for screening nursery stock. The present study assessed the genetic diversity present in forest nursery populations of P. irregulare, P. ultimum, and P. sylvaticum and provides evidence for the movement of each species among forest nurseries of the Pacific Northwest. This information can be used to monitor for shifts in pathogen populations when new Pythium genotypes are introduced on incoming nursery stock or in response to changes in nursery management practices. Future studies are needed to assess the fate of Pythium isolates on nursery stock when they are moved from one nursery to another as there are risks of accidentally introducing more aggressive genotypes or fungicide-resistant isolates into locations where they did not exist previously. These risks may currently be moderated by the frequent use of preplant methyl bromide fumigation in the industry; pathogen populations that are accidentally introduced into a particular field may be significantly reduced by the next cycle of soil fumigation. However, as this study indicates, at least some Pythium genotypes have already been effectively moved and are now established in the soil at more than one nursery. As the use of methyl bromide in forest nurseries continues to decline due to the Montreal Protocol (63) , the risks associated with nursery stock movement among nurseries may increase. Additional research will be needed to determine the effectiveness of new fumigant chemistries and rates in helping to limit the spread of Pythium species and isolates in the forest nursery industry.
